This study measured the stress corrosion cracking (SCC) growth rates of cold-worked 304L stainless steel in oxygenated and hydrogenated coolant environments. The effects of cold work at the levels of 5, 20, and 30% on SCC were also investigated. The SCC crack growth rate increased substantially with increases in the degree of cold work in oxygenated water environment. However, after hydrogen injection, SCC propagation in all cold worked specimens was gradually inhibited. The time to crack arrest decreased with increases in the degree of cold work. The slip bands caused by cold work facilitated the initiation and growth of transgranular (TG) cracks in specimens exposed to an oxygenated coolant environment. TG cracks were easier to arrest compared with intergranular cracks after the injection of hydrogen into the coolant system.
Introduction
Because of their excellent mechanical properties and substantial corrosion resistance, austenitic stainless steels (SSs) are commonly used for in-core and out-of-core components of nuclear power plants. Nevertheless, stress corrosion cracking (SCC) has been reported to be a degradation mechanism for austenitic stainless steels in pressurized water reactors (PWR) and boiling water reactors (BWR). 15) Cold work, such as rolling, bending, and shrinking, adjacent to welds in plant components is known to exacerbate SCC susceptibility in high-temperature water environments.
610) Slip bands and deformation-induced martensites caused by cold work have been reported to be crucial factors that affect the SCC behavior of austenitic SSs.
1113) Plastic strain and sensitization can be induced in the heat-affected zone by welding during the component manufacturing process. The synergistic effects of plastic strain and sensitization on SCC have been investigated extensively. 8, 9, 14) In addition to sensitization, the combined effects that the environment and cold work exert on SCC have been examined. For example, Tice et al. 8) discussed the influences of loading modes, dissolved hydrogen concentrations, and the pH value (a measure of the acidity or basicity of aqueous solution) of water environments on the SCC of cold-worked type 304 SS in PWR primary coolant conditions. Lu et al. examined the effects of temperatures, loading modes, and water chemistries on the SCC growth behavior of cold-worked 316L in simulated BWR environments.
6,7) Nakano et al. explored the SCC susceptibility of cold-worked 304L SS with minor element additions and the SCC degradation behavior of cold-worked 304L SS in an irradiated coolant water environment by using slow strain rate testing. 15, 16) Hydrogen injection is widely used to suppress the corrosion and SCC of BWR plant components because of the low electrochemical potential in hydrogen water chemistry (HWC) environments. 14, 17, 18) As stated previously, cold work and HWC are two crucial parameters that influence SCC propagation in high-temperature water. In recent years, the effects of SCC growth behaviors have been examined separately and synergistically; however, few studies have investigated the fracture mechanism of SCC at the crack tip for cold-worked austenitic SSs in high-temperature oxygenated or HWC water. In this study, the effects of the degree of cold work on SCC in oxygenated and hydrogenated coolant environments were examined using an alternating current potential drop (ACPD) technique to measure the SCC growth rates of compact tension (CT) specimens under trapezoidal loading with a K (stress intensity factor) of approximately 18 MPa·m 0.5 . Furthermore, possible fracture mechanisms at the crack tip were explained using electron backscatter diffraction (EBSD).
Experimental Procedure

Materials
The materials used in this study were 304L SS plates that adhered to the American Society for Testing and Materials (ASTM) A-240 specifications. The chemical composition (mass%) of 304L SS is shown in Table 1 . The as-received (AR) specimens were cold rolled (CR) to 5, 20, and 30% reductions in thickness. Metallographic specimens machined below the fracture surface were etched in a solution of 10 wt% H 2 C 2 O 4 ·2H 2 O and examined using optical microscopy.
SCC tests
According to ASTM E647, the CT specimens were manufactured with a thickness of 12.5 mm and a width of 60.0 mm, as shown in Fig. 1 . Before fatigue precracking, all specimens were lightly polished with 600 emery paper. The CT specimens were fatigue precracked in air through cyclic loading with a decreasing "K (stress intensity factor range) until a precracked length of 3 mm and a "K of 12 MPa ffiffiffiffi m p were reached. The fatigue frequency was set as 10 Hz, and the stress ratio was set as 0.1 (R, Pmin/Pmax). After precracking, the specimens were tested using a closed-loop servo-electric machine with an integrated water circulation system. Regarding the chemistry of the water in the circulation loop during the SCC tests, an oxygen level of 7 ppm was maintained for 933 h before hydrogen was injected to a dissolved hydrogen level of 120 ppb for 1367 h. The conditions of the oxygenated and HWC coolant environments are summarized in Table 2 . The SCC tests were conducted in the trapezoidal wave loading mode, which involved loading specimens to a constant level for 2.5 h, followed by unloading the specimens to an R value of 0.7 in 60 s, and then reloading the specimens again in 60 s. The initial K max for the SCC tests was approximately 18 MPa·m 0.5 . The crack length was measured using an ACPD technique. The final SCC crack length was corrected according to the average of 20 measurements taken along the crack front of the fracture surface by using an optical microscope at 20© magnification, according to ASTM E647 specifications.
Fractographic feature observation
The tested SCC specimens were descaled using an electrolyte of 1 g hexamethylenetetramine in 500 cm 3 of 1 N HCl and then examined using a Hitachi 4800 scanning electron microscopy (SEM) device to identify the fractographic features. In addition, the cross-section near the branched cracks was examined using electron backscatter diffraction (EBSD).
Results and Discussion
Optical metallographs of CR 304L SS sampled below the fracture surface are shown in Fig. 2 . The AR specimens exhibited equiaxial austenite grains with annealed twins. The CR specimens showed elongated grains, slip bands, and deformation bands. Increases in the degree of cold work increased the number of slip bands randomly dispersed in the CR specimens.
Crack lengths versus test times in the oxygenated and HWC water environments are shown in Fig. 3 . No crack growth was observed in the AR specimens during the SCC test. For the CR specimens, an SCC incubation period was observed during the first 100 h. 6, 7, 14) In the oxygenated environment, the SCC growth rates were substantially increased with increases in the degree of cold work. The crack growth rate of the 5% CR specimen slowed over time at an average crack growth rate of 9.3 © 10 ¹11 m·s ¹1 . The crack growth rates of the 20 and 30% CR specimens measured 7.6 © 10 ¹10 m·s ¹1 and 1.1 © 10 ¹9 m·s ¹1 , respectively, approximately one order of magnitude higher than that of the 5% CR specimen. The length of the cracks in the 5, 20 and 30% CR specimens increased by 0.32, 2.51, and 3.84 mm, respectively.
After the water chemistry environment was changed from an oxygenated water environment to an HWC water environment, no crack growth was observed in the 5% CR specimen, and the crack growth rates in the 20 and 30% CR specimens decreased over time until crack arrest. The time to crack arrest after hydrogen injection for the 20 and 30% CR specimens was approximately 1000 and 200 h, respectively. The total crack length in the 20% CR specimen was 0.54 mm, with an average crack growth rate of 1.5 © 10 ¹10 m·s
¹1
(0.54 mm/1000 h), and that in the 30% CR specimen was 0.36 mm, with an average crack growth rate of 5.0 © 10 ¹10 m·s ¹1 (0.36 mm/200 h). SEM fractographs of the CR specimens are shown in Fig. 4 . Before chemical cleaning, the fracture surface was covered by oxides that concealed the fracture features, as shown in Fig. 4(a) . After chemical cleaning, fracture features of intergranular stress corrosion cracking (IGSCC) were observed in the 5% CR specimens, as shown in Fig. 4(b) . A mixture of IG fracture features and quasi-cleavages was observed in the 20 and 30% CR specimens, as shown in Figs. 
4(c) and 4(d). Figures 4(b)4(d)
show that the extent of the quasi-cleavage fracture increased with greater reductions in thickness. Secondary cracks were also observed in the SCC areas.
EBSD maps of the cross-section near the fracture surface of the 20 and 30% CR specimens are shown in Fig. 5 . The dark areas in the 20 and 30% CR EBSD maps denote branched cracks, and the red and green areas denote the deformation-induced martensites ¡A and ¾, respectively. Austenites located at slip band intersections transformed into ¡A, and those located at parallel slip bands transformed into ¾ martensites, as shown in Figs. 5(a) and 5(c). 19) The £ austenite grains around the branched cracks were marked using cubic symbols, as shown in Figs. 5(b) and 5(d). The cracks between the cubic symbols aligned with the same crystalline orientation were transgranular (TG) fractures, whereas the cracks with symbols of dissimilar orientation were IG cracks. As illustrated in the EBSD maps, a mixture of IG and TG fracture features was observed in the 20 and 30% CR specimens, and the TG fractures preferentially occurred along the slip bands of high dislocation density areas.
The effects of cold work at the reduction levels of 5, 20, and 30% on the SCC behavior of SS were examined in oxygenated and hydrogenated coolant environments. SCC susceptibility is aggravated by cold work. Furthermore, the slip bands caused by cold work provide high-diffusivity paths or diffusion short circuits for oxygen and iron, 11, 20) and deformation-induced martensites accelerate SCC. 12, 13) The combined effects that dislocation (high-diffusivity paths) and deformation-induced martensites exert on SCC require further investigation.
The fracture surfaces of the 20 and 30% CR specimens show a mixture of IG fracture features and quasi-cleavages. The amount of quasi-cleavages increased with greater reductions in thickness, as shown in Fig. 4 . Based on the EBSD observations presented in Fig. 5 and the deformation and oxidation mechanisms for SCC, 1, 21) the SCC growth processes are illustrated in Fig. 6 . At the outset, the crack propagates along the grain boundary until the tip approaches the junction of another grain boundary. At the junction, the crack preferentially propagates along the path with the fastest oxidation rate, such as the slip band (path A) and the grain boundary (path B). If the angle ¡ between Path A and the loading direction exceeds the angle ¢ between Path B and the loading direction, the crack tip grows along Path A. With its orientation relative to the loading direction, the oxide film along Path A sustains substantial tensile stress, which increases with Angle ¡ to a maximum of 90°, enabling the crack to preferentially propagate along Path A. Conversely, IG fractures are observed if Angle ¢ exceeds Angle ¡. Moreover, the crack tip can grow along both Paths A and B if Angles ¡ and ¢ are near to each other. According to the proposed SCC formation process, heavily cold-worked specimens exhibit a high tendency to fracture transgranularly in the oxygenated water environments, which might be because a greater number of slip bands are observed in the grains.
In the HWC environment, crack arrest occurred in all CR specimens, and the time to crack arrest for the 20% CR specimen was substantially longer than that for the 30% CR specimen. Crack arrest in the HWC environment is attributed to the low electrochemical potential (ECP). 17, 18) Considering the low oxidation rate, the material strength is assumed to determine the SCC growth rate in the HWC environment. According to the dislocation and martensite strengthening mechanisms, 22, 23) the strength of 304L SS increases as the CR deformation increases. Compared with cracks that occur along the grain boundary, crack tips that grow along the slip bands are proximate to a greater number of dislocations and deformation-induced martensites in the grains of heavily cold-worked specimens. Therefore, less time was required to arrest crack growth in the 30% CR specimen than in the 20% CR specimen. This was because the 30% CR specimen possessed comparatively greater strength and a higher tendency to form TG fractures.
Conclusion
In this study, the effect of HWC on the SCC behavior of cold-worked 304L SS in high-temperature water environ- ments was investigated. The results are summarized as follows:
(1) The SCC growth rate increased substantially with increases in the degree of cold work in the oxygenated water environment. However, the injection of hydrogen gradually inhibited SCC propagation in all cold-worked specimens. The time to crack growth arrest decreased with increases in the degree of cold work. (2) Prior cold work exacerbates TG cracking in 304L SS.
The slip bands of high dislocation density areas caused by cold work provide TG crack growth paths in grains. We inferred that the extent of TG cracking increases as the degree of cold work increases. (3) Less time is required to arrest crack growth in the 30% CR specimen than in the 20% CR specimen when hydrogen is injected into the coolant because the 30% CR specimen possesses greater strength and a higher tendency to form TG fractures compared with the 20% CR specimen. 
